A ferroelectric field effect transistor (FeFET) that may potentially integrate the data storage and logic functions in the same circuitry can also be used as a platform to study the properties of the ferroelectric material itself. Thin crystals of α-In2Se3, a ferroelectric transition metal chalcogenide semiconductor featuring van de Waals interlayer coupling and an energy gap of around 1.4 eV, was used in this work as the channel material as opposed to the gate dielectric of the FeFET. These FeFETs, which feature a back gate of heavily doped Si and a gate dielectric of 300 nm thick thermally grown SiO2, were measured down to liquid helium temperatures. They were found to show good electric field effect functions and electric field effect induced metallic behavior, along with possible signs for the existence of polarization domains.
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The formation of spontaneous polarization in a ferroelectric crystal, which needs to be reorientable between crystallographically defined domain states by an external electric field, leads to the loss of inversion symmetry 1 . The polarization can then be used as a nonvolatile, electrically switchable memory. Ferroelectric memory has previously been implemented in a capacitor configuration, with the basic memory unit consisting of a thin ferroelectric film between two metal or heavily doped semiconductor electrodes 2, 3 . Even though such data storage schemes are very fast and nonvolatile, the most intriguing possibility is to integrate the memory and logic functions in the same circuitry by replacing the conventional gate insulator by a ferroelectric one. However, such ferroelectric-gate approach has encountered multiple obstacles, including the depolarization field and the gate leakage current. Alternatively, Si or other semiconductor channel material in a conventional metal-oxide-semiconductor field-effect transistor (MOSFET) can be replaced by a suitable ferroelectric semiconductor, a device also referred to as ferroelectric field effect transistor (FeFET) 4 .
Fundamental properties of the ferroelectric material can be studied using such FeFETs. For example, the electric field effect can induce a sufficiently large amount of charge carriers, turning the ferroelectric into a metal. Anderson and Blount 5 examined whether the strain alone can be used as the order parameter in the Landau theory to describe the structural transition found in metallic V3Si and if the phase transition is continuous. They suggested the loss of inversion symmetry, a formation of ionic displacements along a polar axis, or a combination of both were responsible. The phrase -"ferroelectric" metalwas coined. However, the physics of such a state of matter was not considered in the paper. The first metal showing the presence of electrical dipoles from ionic displacements along with a well-defined polar axis was LiOsO3 6,7 , followed by others 8,9 . However, whether the dipoles found in these materials are spontaneously ordered and reversable in a manner similar to that in insulating ferroelectrics is not clear.
Interestingly, this difficulty may be circumvented in two dimensions (2D) in which the electrical field may penetrate into the atomically thin crystal to reverse the direction of the polarization. 1T'-WTe2 was argued to be a bulk ferroelectric semimetal based on piezoelectric force microscope (PFM) studies and first principle calculations 10 . An intriguing experimental study of bilayer and trilayer of WTe2 sandwiched between two thin crystals of BN were measured recently 11 with the trilayer exhibiting metallic while the bilayer insulating. A vertical electrical field was produced by a top and bottom gate in these WTe2 devices in such a way that the overall charge carrier density 3 in the sample is kept as a constant. Sharp jumps in sample conductance were observed when the vertical electrical field was ramped, which were argued to be a result of the polarization reversal.
Direct evidence for the reversal of the polarization is lacking however.
FeFETs of thin crystals of α-In2Se3, a layered transition metal chalcogenide featuring a van de Waals interlayer coupling and an energy gap of 1.4 eV, which was predicted 12 to feature an outof-and in-plane electrical polarization, respectively, down to the 1-unit cell (inset of Fig. 1a ), were prepared in this study. Experimentally, the ferroelectricity is supported so far only by PFM 13, 14, 15 and the second harmonic generation (SHG) measurements 16 . Superconductivity under high pressure 17 and the multidirectional piezoelectricity 18 were also observed in this material. The Thin crystals of α-In2Se3 were prepared by mechanical exfoliation using bulk single crystals grown by a modified Bridgman method using stoichiometric mixtures of In (99.9999%) and Se (99.999%).
The bulk resistivities measured along the in-and out-of-plane directions in a 4-point configuration showed the crystals are insulating, exhibiting expected variable-range hopping behavior at low temperatures ( Fig. 1a ). Flakes of the crystal were deposited onto a doped silicon chip with 300 nm thick thermally grown SiO2; the flake thickness was determined by atomic force microscope (AFM) after the transport measurements were carried out. To prepare FeFET devices, a three-layer photoresist stack including PMMA, PMGI SF6-slow, and SPR 3012 was used to prevent reaction between In2Se3 and alkaline developers 19, 20 . MF CD-26 was used to develop the top layer of SPR 3012. The PMGI was developed in PMGI 101A developer, rinsed in water before being developed in MIBK. To metallize, the structure was cleaned in situ by Ar ion milling, followed by deposition of 5 nm of Ti and 45 nm of Au. Remover PG heated to 60 o C was used for the lift-off. All electrical transport measurements were carried out in DC in a Quantum Design PPMS.
Raman spectroscopy, photoluminescence (PL), and second harmonic generation (SHG) measurements were used to characterize the thin crystals of α-In2Se3. In Fig. 1c , Raman spectra confirmed that the crystals used were α-In2Se3 21 . An energy gap value of 1.4 eV was revealed in the PL measurements ( Fig. 1d ), consistent with that found in the literature 21 . In Fig. 1e , SHG measurements showed strong SHG signals with the expected six-fold symmetry, demonstrating the non-centrosymmetry of our thin crystals of α-In2Se3 required for ferroelectricity, consistent with previous studies 16 . At room temperature, the source-drain current, ID, of an as-made FeFET of α-In2Se3, shown in Fig. 1f , measured at a fixed source-drain voltage, VDS, will change for hours after the gate voltage, VG, was set. This was attributed to the motion of charge traps at the interface between α-In2Se3 and SiO2 originating from absorbed water and/or other molecules. This drift can be largely eliminated by "drying" the device at 400 K under the high-vacuum setting of the PPMS for an hour. All results presented below were obtained on devices "dried" this way.
ID vs. VDS measurements were carried out on these FeFETs at room temperature with the gate voltage applied between the source and the gate (Fig. 1b ). After first quickly ramping from 0 to -75 V, the ID vs. VDS characteristic was measured at fixed gate voltage, VG, as it was varied from -75 to 75 V ( Figs. 2a and b) . For a sample featuring a channel length of 12 µm and thickness of 110 nm, the ID vs. VDS curve was found to exhibit behavior seen frequently in conventional FETs. No saturation in the source-drain current was seen for gate voltages used, as expected. For negative VDS, the ID vs. VDS curves are not identical with those found for positive VDS, but very close, which suggests that the contacts at the source and the drain the Schottky barriers between Ti/Au and α-In2Se3 are similar. There appears to be a marked decrease in the slope in most ID vs. VDS curves, consistent with a lowering of the Schottky barriers between Ti/Au and α-In2Se3 by VDS. When VG was ramped in the reverse direction, from 75 to -75 V, the ID vs. VDS curves showed a different behavior ( Figs. 2c and d) . A sharp drop in the ID was found as VG was ramped from 75 to 50 V, for example, suggesting that substantial number of charge carriers stayed behind, consistent with the presence of an electrical polarization.
The clockwise transfer curves, ID vs. VG at VDS = 0.1 V at which the conduction channel of the FeFET is barely established were measured at fixed temperatures. Starting at T = 300 K, VG was ramped quickly from 0 to -75 V. ID was measured as a function of VG from -75 to 75V, and then back from 75 to -75 V to form the hysteresis loop. VG was ramped quickly from -75 back to 0 V before the sample was cooled down to a lower temperature to repeat the measurement. The transfer curves obtained at selected temperatures are shown in Figs. 3c-h. A significant hysteresis was clearly seen at room temperature. As the temperature was lowered, the hysteresis was found to shrink monotonically, and the ID was found to increase overall. Given that the electric field along the c-axis in our device is nearly zero, the reversal of the polarization is not likely. The shrinking of the hysteresis suggests only that the gate voltage affected domains less significantly as the temperature was lowered.
Plotting ID obtained at VG = 0, 25, 50, and 75 V in the clockwise transfer curves at fixed temperatures, it is clear that metallic behavior was obtained in this sample as ID is seen to increase with the decreasing temperature down to about 50 K for VG = 75 V (Fig. 3a) . The corresponding two-point resistance, RDS(T), decreases (Inset of Fig. 3a ). The semiconducting tail in RDS(T) at the lowest temperatures should disappear when VG becomes sufficiently large. Similar behavior was obtained in another sample (Fig. S4) . We also measured ID as a function of T with VG set at 75 V after the sample is prepared in the following way: VG was ramped from 0 to -75 and then back to 75 V at T = 300 K. As T was lowered, the value of ID was found to decrease continuously, and become lower than < 100 pA below roughly 180 K (Fig. 3b ). If VG was first ramped from 0 to -75 to 75 V at 300 K, held at 75 V while the sample was cooled down to T = 4 K, and then VG was ramped again from 75 to -75 and back to 75 V at T = 4 K before ID was measured, ID was found to be measurable at all temperatures up to 300 K (Fig. 3b) . Above 240 K, the values of ID obtained from the two different ways become essentially the same.
An important question is whether the apparent metallic behavior described above can be due to the change in the Schottky barriers between Ti/Au and α-In2Se3. The four-point sample resistance as a function of the temperature, R(T), measured in a similar way as RDS(T) was found to also show metallic behavior. Furthermore, R(T) was found to depend strongly on the VG at which the sample was cooled. Here VG was again ramped from 0 to -75 V at 300 K, then cooled to 4K with VG ramped to and fixed at -75 V, 0 V, or 75V. At T = 4 K, VG was ramped again going through the full hysteresis loop clockwise to VG = 75 V before R was measured as a function of increasing T while VG is fixed at that value. As shown in Fig. 3c , R was the smallest when the sample was cooled at VG = -75 V.
The strong history dependent ID and R(T) shown above are consistent with the picture that the net polarization was subject to change as the gate voltage and/or the temperature were varied. In this picture, the total charge carriers in the sample include from those of the thermal excitation and unintentional doping, as well as those from the gate voltage, the latter of which would yield a field 6 induced charge carrier density of 5 x 10 12 /cm 2 for VG = 75 V. The Hall measurements revealed a T-dependent carrier density (Fig. 4d ) much smaller than that induced by the gate voltage, suggesting that the electrical polarization contributed to a significant number of charge carriers. It should be pointed out, however, the charge traps unavoidable at the interface between α-In2Se3 and SiO2 will also affect the value of the charge carriers and its temperature dependence.
In conclusion, we found that FeFETs of ferroelectric α-In2Se3 showed functioning electric field effect and a field induced metallic behavior. The temperature and cooling history dependent sample behavior is consistent with the presence of electrical polarizations even if the question of whether or not polarization can be reversed in a metallic state is unresolved. Fig. S1 . a) Source-drain current vs. source-drain voltage, ID-VDS, curves for Sample A before and after water was removed. b) The transfer curves of source-drain current vs. gate voltage, ID vs. VG, at 300 K before and after water was removed. Samples were dried by heating to 400 K in high vacuum for one hour within the PPMS. The measurements were taken immediately before and after drying. were taken prior to drying. All measurements were done at 300 K.
